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Dendritic Cells Require T Cells
for Functional Maturation In Vivo
distantly related to the MHC, the CD1 family, which is
involved in the presentation of less conventional, non-
protein antigens to T lymphocytes (Brenner and Porcelli,
Vijay Shreedhar,*§‖ Angus M. Moodycliffe,*§
Stephen E. Ullrich,* Corazon Bucana,²
Margaret L. Kripke,* and Leopoldo Flores-Romo*³#
1997; Jullien et al., 1997). The activation of naive T lym-*Department of Immunology
phocytes and initiation of adaptive immune responses²Department of Cancer Biology
are therefore dependant on DC, which seem to haveThe University of Texas
evolved not only to capture and present most antigensM. D. Anderson Cancer Center
that exist in nature but also to provide the costimulatoryHouston, Texas, 77030
molecules required for effective T cell stimulation.
Recent evidence from in vitro experiments suggests
that DC may in turn be susceptible to the influenceSummary
of T lymphocytes. Indirect approaches used to mimic
putative T cell signals have induced upregulation of co-We examined dendritic cell (DC) status in SCID and
stimulatory molecules, increased survival and cytokineRAG22/2 mice to assess the influence of T cells on DC
secretion (Caux et al., 1994; Cella et al., 1996; Koch etdevelopment and function in vivo. These mice have
al., 1996; Bjorck et al., 1997), caused dramatic morpho-reduced numbers of DC in the epidermis and lymph
logical changes, and counteracted Fas-induced apopto-nodes draining hapten-sensitized skin. Epidermal DC
sis of DC (Bjorck et al., 1997). TRANCE, a cytokine pro-in these mice were defective in presenting antigen
duced by T cells upon TCR engagement, is known toin vivo to adoptively transferred, hapten-sensitized T
be a DC-specific survival factor (Wong et al., 1997).cells from normal mice. Likewise, draining lymph node
Likewise, a role for CD40 ligand1 T cells in DC maturationDC were deficient in their capacity to stimulate naive
has also been inferred, since CD341 progenitors canT cells in vitro and in vivo. DC numbers as well as
differentiate into functional DC by CD40 stimulation (Flo-the impaired ability to present antigen in vivo, were
res-Romo et al., 1997). Furthermore, it has been recentlycorrected by reconstituting these animals with normal
suggested that T cells could regulate the phenotype ofT lymphocytes, suggesting that T cells are crucial for
immune responses by determining survival of appro-normal DC maturation and function in vivo.
priate DC subsets (Rissoan et al., 1999).
A relationship between T cells and DC during early
Introduction ontogeny has also become increasingly evident. Certain
DC subsets seem developmentally related to the lympho-
It is well known that dendritic cells (DC) and T cells must cytic lineage (Galy et al., 1995), especially to murine
interact to initiate adaptive immune responses (Stein- thymic precursors (Ardavin et al., 1993; Wu et al., 1996).
man, 1991; Banchereau and Steinman, 1998). This inter- Likewise, animals with severely impaired lymphocyte
action has been studied extensively with regard to the development exhibit striking anomalies in several DC
influence of DC on naive T cells, specifically the mecha- compartments (Georgopoulos et al., 1994; Wu et al.,
nisms by which DC initiate T cell±dependent immune 1997). The significant abnormalities seen in the skin of
responses. DC, present in small numbers in most tis- nude (athymic) mice have also exposed the still unclear
sues, have been referred to as ªnature's adjuvantº relationship between T lymphocytes and cutaneous
and ªprofessionalº antigen-presenting cells (APC) due biology (Edelson, 1997).
to their striking potency in stimulating naive T cells In order to definitively assess the influence of T cells
(Steinman, 1991). DC efficiently integrate a variety of on DC maturation and function in vivo, we examined DC
unique functions such as the sampling, processing, status in T cell±deficient mice. We used the induction
transport, and presentation of antigens of diverse nature of hapten-specific contact hypersensitivity (CHS) re-
to T lymphocytes (Banchereau and Steinman, 1998). sponses as a model system for assessing DC function,
as these cells play a vital role in both the induction andExtensive evidence implicates DC surface molecules in
elicitation of these reactions (Moodycliffe and Ullrich,the priming of T cell responses (Hart, 1997). DC express
1995). This model provides a comprehensive approacha combination of potent costimulatory molecules such
to analyzing DC functional status in vivo, since DC mustas CD80, CD86, and CD40 and express constitutively
integrate multiple tasks in order to initiate a CHS re-high levels of MHC class I and class II molecules, which
sponse, including antigen uptake, migration to drainingare essential for presentation of endogenous and ex-
lymph node (DLN), antigen processing, and presentationogenous protein antigens (Banchereau and Steinman,
to naive, hapten-specific T cells (Kripke et al., 1990).1998). In addition, DC display another type of molecule
Our studies reveal a new role for T cells in vivo since
(1) T cell±deficient mice exhibit a striking deficiency in
³ To whom correspondence should be addressed (e-mail: lflores@ Langerhans cell numbers in the epidermis and signifi-
mail.cinvestav.mx). cantly lower numbers of both lymphoid- and myeloid-§ These authors contributed equally to this work
related DC in the DLN, all of which are corrected by‖ Present address: Department of Medicine, Children's Hospital,
adoptive transfer of normal T cells; (2) DLN DC from THarvard Medical School, Boston, MA 02115
cell±deficient mice exhibit defective APC functions both#Present address: Department of Experimental Pathology, CINVES-
TAV-CP07000, Mexico D.F., Mexico. in vitro and in vivo; and (3) the deficient APC functions
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Figure 1. SCID and RAG22/2 Mice Have Sig-
nificantly Lower Numbers of Epidermal Lang-
erhans Cells
Langerhans cells in the epidermis of control
animals, SCID, and RAG22/2 mice were visu-
alized by immunohistochemistry using the
DC-specific antibody DEC205 (A) or by an
enzymatic technique detecting ATPase activ-
ity (B). To quantitate their frequency per area
(C), epidermal sheets of at least five mice per
group were pooled, fixed, and stained, and
positive cells were counted in a 203 objective
with a calibrated grid as described in Experi-
mental Procedures. Results are expressed as
the mean 6 SD of at least 20 random fields
examined for each sample (*p , 0.05).
of RAG22/2 DC resident in the skin are fully restored by DEC205 on epidermal DC does not seem dependent on
the mouse strain or haplotype (data not shown). Interest-reconstituting these animals with normal T cells.
ingly, there is also a significant deficiency in CD451 cells
in the epidermis of RAG22/2 mice (Figure 2C). No grossResults
abnormalities were detected by microscopic examina-
tion of the few DC in RAG22/2 and SCID epidermis,SCID and RAG22/2 Mice Have Fewer Epidermal
Langerhans Cells though they appeared distinctly smaller than epidermal
DC in normal, syngeneic controls (Figures 1A and 2A)Analysis of skin samples from SCID and RAG22/2 mice
for dendritic epidermal Langerhans cells (LC) revealed and were more numerous around hair follicles (data not
shown).that there are significantly fewer DC per millimeter
squared of epidermis in these T cell±deficient mice when
compared to normal controls. T cell±deficient mice typi- T Cell±Reconstitution Restores Numbers of Epidermal
Langerhans Cells but Not of Thy1.21 Dendriticcally had only around 20%±25% of the numbers found
in controls (Figures 1A±1C). This deficiency was notably Epidermal T Cells
LC numbers in epidermis were restored in both SCIDmore consistent in RAG22/2 mice than in SCID mice.
This observation may be explained by the fact that SCID and RAG22/2 mice upon reconstitution of these animals
with T cells from normal mice. Although epidermal DCmice are known to be ªleakyº and develop functional B
and T cells, especially as they age (Max, 1999). Skin reconstitution was observed in both mouse strains, it
was slightly better in RAG22/2 than in SCID mice (Figuressamples were initially examined by immunostaining with
various antibodies (including F4/80, MHC class II haplo- 2D and 2E). The deficiency in CD451 leukocytes ob-
served in RAG22/2 epidermis was also restored upon Ttype-specific, CD11c, and 33D1 [data not shown]) and
assessed for ATPase activity. We found that the most cell transfer (Figure 2C).
We observed that the g-d TCR1 dendritic epidermalreliable marker for studying epidermal DC was DEC205,
a member of the mannose receptor family involved in T cell (DETC) subpopulation, visualized with the mono-
clonal antibody Thy1.2, was clearly present in the epi-antigen presentation, recognized by the monoclonal an-
tibody NLDC145 (Jiang et al., 1995). The expression of dermis of control mice but was virtually absent in
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Figure 2. Effect of T Cell Reconstitution of
SCID and RAG22/2 on the Frequency of LC
and Thy1.21 Dendritic Epidermal T Cells
T cell±deficient animals (RAG22/2) were re-
constituted with normal C57BL/6 T cells
(RAG 1 T) and their epidermis was analyzed
2±3 weeks later for the presence of both LC
and Thy1.21 DETC. Epidermal sheets from
five animals per group were obtained, pooled,
and prepared as described in Experimental
Procedures to identify Langerhans cells (A),
Thy1.21 DETC (B), or CD451 leukocytes (C).
Results are expressed as the mean 6 SD of
10±20 random fields examined for each sam-
ple (D and E). At least five mice were used in
each experimental group (*p , 0.05).
RAG22/2 and SCID mice (Figures 2B, 2D, and 2E). Inter- smaller and less dendritic than cells from control mice
estingly, unlike Langerhans cells, Thy1.21 DETC num- (Figure 3A). Dendrites in normal DC extended up to 100
bers were not restored upon T cell reconstitution (Fig- mm or more, whereas few SCID or RAG22/2 DC had
ures 2B, 2D, and 2E). dendrites 40 mm in length, and most had very short
dendrites (Figure 3A).
SCID and RAG22/2 DLN DC were found to be signifi-DC in the Lymph Nodes Draining Hapten-Sensitized
cantly less potent than normal DLN DC on a cell-to-cellSkin of SCID and RAG22/2 Mice Are Deficient in
basis in their capacity to stimulate naive allogeneic TAntigen-Presenting Capacity In Vitro and In Vivo
cells in an in vitro mixed leukocyte reaction (MLR) assayUpon epicutaneous hapten sensitization, DC migrate
(Figure 3C). This could conceivably be related to thefrom the skin and accumulate in the DLN, where they
fact that fewer DC from T cell±deficient mice express oninteract with and activate naive T cells (Austyn and
their surfaces the molecules involved in efficient antigenLarsen, 1990; Kripke et al., 1990; Wilsem et al., 1994;
presentation (Figure 7). The expression of MHC classSteinman et al., 1995; Austyn, 1996). We measured the
II and DEC205 molecules, both important for antigenability of the few epidermal DC in T cell±deficient mice
presentation, was significantly lower in T cell±deficientto migrate to DLN following epicutaneous application
mice as compared to controls. Likewise, expression ofof FITC. Significantly lower numbers of DC were found
the costimulatory molecule CD40 and the integrinin the lymph nodes draining sensitized skin of SCID
CD11c was also lower on DLN DC from RAG22/2 miceand RAG22/2 mice as compared with those of control
(Figure 7).animals (Figure 3B). This was not unexpected consider-
To test the hypothesis that DC±T cell interaction ising the fact that far fewer DC are found in the epidermis
critical for the upregulation of cell surface moleculesof these mice. The gross morphological appearance of
on DC that are involved in antigen presentation, weSCID and RAG22/2 DLN DC was clearly different from
that of normal mice. SCID and RAG22/2 DLN DC were reconstituted RAG22/2 mice with normal syngeneic T
Immunity
628
Figure 3. Reduced Numbers and Impaired In Vitro APC Function of DLN DC from SCID and RAG22/2 Mice
DC were purified from the DLN of C3H, SCID, C57BL/6, and RAG22/2 mice 18 hr after epicutaneous FITC sensitization. Their morphological
appearance was examined in cytospin preparations stained with May-Grunwald-Giemsa stain (A), and DC frequency per DLN was then
calculated (B) (*p , 0.05). APC capacity of purified DC was analyzed in vitro by culturing them with purified naive T lymphocytes from BALB/C
animals used as a responder population in a primary MLR assay (C). T cells (105) from BALB/C mice were plated with different concentrations
of irradiated DC per well and cultured for 5 days. Results are expressed as the mean counts per minute of [3H]thymidine incorporated during
the last 18 hr of culture. For the MLR assay (C), DC from five mice were pooled for each group.
cells, waited 2 weeks, and then repeated the analysis in the DLN of FITC-sensitized SCID or C3H mice and
transferred equal numbers of FITC-bearing DC subcuta-of cell surface markers on DLN DC. Adoptive transfer
of normal T cells into RAG22/2 mice restored the expres- neously into the footpads of naive, syngeneic immuno-
competent recipients. Six days after transfer, the recipi-sion of DEC205, CD11c, and MHC class II to levels equal
to or approaching expression found in normal C57BL/6 ents were challenged with FITC (Figure 4A). The resulting
response was used as an indicator of the CHS-inducingcontrols. Likewise, the proportion of antigen-bearing DC
positive for both MHC class II and B7±2 and DEC205 capacity of the transferred DC (Figure 4B) as previously
described (Kripke et al., 1990). As expected, the transferand CD11c was also restored in T cell±reconstituted
mice (Figure 7). of 105 FITC1 DC from control animals resulted in the
induction of a significant CHS response in recipients.To analyze the capacity of DC from T cell±deficient
animals to induce CHS, we purified DC that accumulated Antigen-bearing DC from SCID donors, however, were
DC Require T Cells for Functional Maturation
629
group of RAG22/2 animals that did not receive normal
T cells (Figures 5A and 5B).
As expected, injecting FITC-primed T cells into normal
mice resulted in a vigorous CHS reaction when these
mice were challenged with hapten (Figure 5B: C57BL/6,
positive control), indicating normal APC function by
these DC in the elicitation phase of this response. Con-
versely, only a background response was observed in
RAG22/2 mice injected with FITC-primed T cells immedi-
ately prior to epicutaneous hapten challenge (Figure 5B).
Because the FITC-primed T cells can clearly be triggered
to respond when injected into normal mice, we suggest
that these data indicate that DC in RAG22/2 mice fail to
appropriately present hapten to normal hapten-primed
T lymphocytes. If, however, RAG22/2 mice are reconsti-
tuted with normal, nonsensitized T cells 2 weeks prior
to injecting the hapten-primed T cells and epicutaneous
challenge, a CHS response comparable to the one found
in the normal controls is generated (Figure 5B), indicat-
ing that T cell reconstitution restores APC function to
RAG22/2 APC.
These results (Figure 5B) also indicate that antigen-
primed normal T lymphocytes by themselves cannot
generate a CHS response in RAG22/2 mice, even when
antigen is applied epicutaneously (Figure 5B: RAG22/2,
group 4). Conversely, nonsensitized normal T cells used
for prior reconstitution of RAG22/2 mice also are incapa-
ble of generating a CHS response, even upon epicuta-
neous antigen challenge (Figure 5B: RAG 1 T, group
5). Only when the RAG22/2 mice are reconstituted withFigure 4. Impaired In Vivo APC Function of Antigen-Bearing DC
normal T cells 2 weeks before, a situation that presum-Purified from T Cell±Deficient Mice
ably allows for proper DC maturation at the peripheryTo assess the capacity of antigen-bearing DC to induce a CHS
and in DLN (Figures 2, 6, and 7), does the elicitation ofresponse, 105 FITC1 DC purified from the DLN of FITC-sensitized
SCID or C3H control mice were transferred into naive syngeneic CHS proceed normally upon the introduction of hapten-
immunocompetent animals (A). Six days after adoptive transfer, the primed T cells (Figure 5B: RAG 1 T, group 6).
recipients were challenged with FITC and the mean ear swelling
was determined 24 hr later (B). At least five mice were used in each
RAG22/2 Mice Are Deficient in Both Lymphoid-experimental group (*p , 0.05).
and Myeloid-Related DC Populations
There is considerable evidence suggesting that DC can
be classified into at least two subpopulations, lymphoid-much less efficient in presenting antigen in vivo to naive
T cells in normal syngeneic animals and in inducing a or myeloid-related DC, based on their lineage (Ardavin
et al., 1993; Banchereau and Steinman, 1998; PulendranCHS response when compared with hapten-bearing DC
from normal mice (Figure 4B). In fact, the response seen et al., 1999). Recent reports indicate that these subpopu-
lations may have differential T cell stimulatory capaci-in recipients of hapten-bearing DC from SCID mice was
barely higher than the background responses seen in ties, with the lymphoid subset activating a Th-1 re-
sponse and the myeloid related DC triggering a Th-2negative controls (challenge only). Thus, DC from T cell±
deficient mice are deficient in APC capabilities both in response (Pulendran et al., 1999). In order to investigate
the possibility that the deficiency in antigen presentationvitro (Figure 3C) and in vivo (Figure 4B).
in T cell±deficient mice is a result of an imbalance in
these subsets, we analyzed the DLN of naive RAG22/2DC Resident in the Epidermis of T Cell±Deficient
Mice Have Lower APC Activity In Vivo mice by immunohistochemistry (Figure 6). Such analysis
revealed significant deficiencies in both lymphoid-The demonstration that DC from RAG22/2 and SCID
mice were significantly deficient in their capacity to in- (CD8a1) as well as myeloid-related (CD11c1) DC in the
DLN of RAG22/2 mice as compared with normal C57BL/6duce a CHS response led us to examine their role in the
elicitation phase of this cell-mediated immune response. controls. A proportion of both these subpopulations
was restored upon T cell reconstitution. Interestingly,To test the APC activity of DC resident in the epidermis
during the elicitation phase of CHS responses, hapten- RAG22/2 mice did not appear to be deficient in CD11b1
macrophages. MHC class II1 cells seen in the DLN ofprimed T lymphocytes from sensitized, normal animals
were transferred into RAG22/2 mice, which were then RAG22/2 mice stained less intensely for the marker and
exhibited an abnormal, central localization when com-immediately challenged with the same hapten. Two
groups of RAG22/2 mice were used in these experi- pared with the MHC class IIhi1 cells seen in the paracorti-
cal areas of DLN of control mice. The intensity of classments, one that had been reconstituted with normal T
cells 2 weeks prior to the experiment and a second II staining was notably higher in the T cell±reconstituted
Immunity
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Figure 5. Adoptive Transfer of Antigen-
Primed T Cells from Normal Mice into
RAG22/2 to Test the APC Capacity of Epider-
mal DC In Vivo
FITC-sensitized T cells from immunocompe-
tent C57BL/6 animals were transferred into
groups of C57BL/6, untreated RAG22/2, and
RAG22/2 mice, which had been reconstituted
with normal T lymphocytes two weeks before
(A, left column). Mice were challenged with
hapten on the day of adoptive transfer and
ear swelling was measured 24 hr later (B) as
described previously. Mice that did not re-
ceive hapten-primed T cells but were hapten
challenged (challenge only) served as nega-
tive controls (A, right column). At least five
mice were used in each experimental group
(*p , 0.05).
RAG22/2 DLN, while localization seemed unaffected. maturation upon interacting with T cells in vitro (Kitajima
et al., 1996; Volkmann et al., 1996) in a phenomenonDEC205 staining followed a similar pattern. Further, RAG
DLN had significantly lower numbers of myeloid-related that has been appropriately referred to as ªT cell±medi-
ated terminal maturation of DCº (Kitajima et al., 1996).CD141 cells. CD141 cell numbers were also partially
restored upon T cell transfer (data not shown). Signifi- Athymic nude mice, which lack mature T cells, have
been reported to have altered LC that are much lesscantly, CD211/CD231 follicular dendritic cell (FDC) net-
works were absent in RAG DLN and were not restored efficient in antigen presentation in vitro than their normal
counterparts. This defect is corrected either by thymicupon T cell reconstitution (data not shown). This finding
is in agreement with previous reports (Kapasi et al., transplantation or cytokine treatment in vitro using GM-
CSF or TNFa (Grabbe et al., 1993). Further, mice with1993; Pasparakis et al., 1996). Flow-cytometric analysis
of DC from DLN draining hapten-sensitized skin also severely impaired development of T and B cells as a
consequence of inactivated ikaros genes exhibit a pro-revealed a deficiency of both lymphoid- and myeloid-
related DC in RAG22/2 mice (Figure 7). Further, hapten- foundly affected DC system. Indeed, ikaros null mice
lack not only thymic DC, but also g-d1 DETC and DC inbearing DC in RAG22/2 appear to have altered levels of
costimulatory molecules such as B7-1, B7-2, and CD40. most lymphoid tissues examined (Georgopoulos et al.,
1994; Wu et al., 1997). It has been suggested that the
absence of an organized DC compartment in these ani-Discussion
mals might be related to defective lymph node develop-
ment (Wu et al., 1997). Altered DC development is alsoThe interplay of T lymphocytes and DC has been ana-
lyzed mainly with respect to the stimulation of naive T seen in other genetically manipulated animals such as
relB2/2 (Burkly et al., 1995), op/op (CSF-1) mutantcells by DC. However, recent studies suggest a more
complex reciprocal relationship between these two cell (Witmer-Pack et al., 1993), and TGFb2/2 mice (Borkow-
ski et al., 1996). While relB2/2 mice have LC, op/op andtypes. Murine DC lines have been shown to undergo
DC Require T Cells for Functional Maturation
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Figure 6. Immunohistochemical Analysis of
Dendritic Cells Resident in the Draining
Lymph Nodes of RAG22/2 Mice
DLN collected from naive C57BL/6, RAG22/2,
or T cell±reconstituted RAG22/2 mice were
flash-frozen in OCT compound. Samples
were cryosectioned, immunostained, and an-
alyzed (using a 403 objective) as described
in Experimental Procedures.
TGFb2/2 mice are deficient in epidermal LC but have epidermal Langerhans cells and DLN DC, which are re-
stored upon reconstitution with normal T cells. Second,DC in other compartments. Though the functional status
of LC in these mice was not assessed, splenic DC from dendritic cell surface expression of immunostimulatory
molecules such as MHC class II, B7±2, CD40, DEC205,relB2/2 mice were found to be deficient in antigen-
presenting capacity. The effects upon T cell functions and CD11c is notably lower in RAG22/2 mice, and partial
restoration of normal levels is seen upon T cell reconsti-have not been described in relB mutant animals. How-
ever, mitogenic T cell responses are depressed in tution. Third, DLN DC from SCID and RAG22/2 mice are
significantly deficient in their capacity to stimulate naiveTGFb2/2 mice. The intricate relationship between T cells
and DC is further highlighted by the discovery of a com- allogeneic T cells in an in vitro MLR. Fourth, antigen-
bearing DC from SCID DLN are also strikingly deficient inmon nonmyeloid precursor for human NK cells, B cells,
T cells, and DC, which suggests that T cells and DC their capacity to initiate CHS responses when compared
with DC from normal control mice. Finally, DC residentmay also be developmentally linked during early ontog-
eny (Galy et al., 1995). Moreover, a thymic cell type in the epidermis of RAG22/2 mice fail to elicit a CHS
response when provided with antigen-sensitized T cellshas been proposed as a lymphoid precursor for certain
subpopulations of murine CD8a1 DC (Ardavin et al., from normal mice, a defect that is also overcome by
prior reconstitution of RAG22/2 animals with normal T1993).
In this study, we directly assessed the in vivo role of cells.
Apart from being the experimental counterpart for aT cells in DC maturation and function by analyzing DC
status in T cell±deficient mice. We used the induction variety of dermatological disorders of clinical relevance
(Cohen et al., 1997; Edelson, 1997; Rietschel, 1997;of CHS responses to haptens as an integrative model
to study different aspects of DC function in vivo. Our Grabbe and Schwarz, 1998), CHS provides a unique
approach to assess multiple functions of DC in vivo.observations support the notion that maturation of DC
into fully functional APC is a T cell±dependent phenome- In this model, an antigen applied at the periphery is
captured, processed, and transported by DC into thenon. First, T cell±deficient mice have strikingly fewer
Immunity
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Figure 7. FACS Analysis of Antigen-Bearing DLN DC from C57BL/6, RAG22/2, and T Cell±Reconstituted RAG22/2 Mice
DC were purified from DLN of FITC-sensitized animals as described in Experimental Procedures, and their phenotype was analyzed by flow
cytometry using double and triple staining. FITC gating was used in combination with forward and side scatter parameters to analyze the
hapten-bearing population of DC. Double and triple staining of FITC1 DC was achieved by using two other fluorochromes such as PE and
Cy5. Results are expressed as the percentage of FITC1 DC that are also positive for each of the other marker(s) examined.
DLN to prime T cells, which then become effectors of reveals that these animals are significantly deficient in
both lymphoid- and myeloid-related subpopulations ofcell-mediated immunity. CHS responses involve two
phases: the induction phase, when DC first contact an DC (Figure 6), making this hypothesis less plausible. The
partial restoration of both these DC subtypes upon Tantigen, undergo important phenotypic and functional
changes while migrating into the regional lymph nodes cell reconstitution also highlights the vital role T lympho-
cytes play in their maturation. Another salient feature ofto deliver antigen, and initiate the priming of naive T
cells; and the elicitation or effector phase, where anti- RAG22/2 DLN is the presence of CD11b1 macrophages
in the absence of any other myeloid-related cell popula-gen-sensitized T cells activated by resident skin APC
initiate an inflammatory reaction involving a variety of tion. A similar analysis of epidermal sheets revealed that
epidermal DC in C57BL/6, RAG22/2, and RAG 1 T micecytokines and cells (Moodycliffe and Ullrich, 1995). The
overall T cell±mediated CHS response is thus an out- are neither positive for CD8a nor for CD11c (data not
shown). However, flow cytometric analysis of FITC-come of APC functions of DC at multiple stages. Altering
any of these steps has been reported to severely impair bearing DC that arrive in the DLN following cutaneous
sensitization also showed that RAG22/2 mice are notablyCHS (1) when Langerhans cells are depleted from the
epidermis (Toews et al., 1980; Muller et al., 1992); (2) deficient in both subtypes of DC (Figure 7). Furthermore,
significantly lower numbers of hapten-bearing DC ex-when either skin-draining afferent lymphatics or DLN
are not intact, such as in aly/aly mice, which lack lymph pressing MHC class II, CD40, CD11c, DEC205, or B7-2
were found in RAG22/2 DLN. Most of these markersnodes but have a spleen (Karrer et al., 1997); (3) in TNF2/2
(Pasparakis et al., 1996) and TNFRp752/2 animals (Wang were restored upon reconstitution with normal T cells.
We suggest that the impaired capacity of DC from Tet al., 1997), or in mice treated with neutralizing anti-
TNF antibodies (Piguet et al., 1991) where DC migration cell±deficient mice to stimulate T cells in vitro (MLR) and
in vivo (during the induction and elicitation phases ofis inhibited; and (4) in animals deficient in T cells but
not in B cells (Taube and Carlsten, 1997). Our data clearly CHS) might be related to this altered cell surface expres-
sion of molecules that are crucial for antigen presenta-demonstrate that DC in RAG22/2 and SCID mice are
significantly impaired in their capacity to participate in tion and costimulation. Conversely, the restoration of
the aforementioned molecules on RAG22/2 DC may ex-both induction and elicitation phases of a cell-mediated
immune response. plain the functional recovery of these cells upon T cell
reconstitution.It has been reported that defined DC subsets favor a
polarization of T cell responses both in vitro (Rissoan The absence of CD451 cells in the epidermis of
RAG22/2 mice negates the possibility that a more primi-et al., 1999) and in vivo (Pulendran et al., 1999). This
raises the possibility that the altered APC function we tive DEC2052, MHC class II2 form of DC colonize the skin
of these animals. This suggests that DC development isobserve in the context of a cell-mediated immune re-
sponse such as CHS is the result of an imbalance in the stunted at a relatively early stage in the absence of T
cells. Further, faintly MHC class II±positive cells exhib-DC subsets in T cell±deficient mice. However, immuno-
histochemical analysis of DLN from naive RAG22/2 mice iting an abnormal localization are seen in the RAG DLN.
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Their abnormal localization could be due to the fact that vitro, DC can be killed by triggering of Fas. These cells
DLN architecture is severely altered in these mice in the can, however, be rescued from Fas-induced apoptosis
absence of B and T cells. Alternatively, in the light of through CD40 ligation (Bjorck et al., 1997). It is conceiv-
the notable absence of DC in the epidermis, one could able that the balance between these two observations
suggest that T cells play a role in the normal localization could be related to both the death of DC and to the
of DC. Further investigation is required to differentiate decline (clonal downsizing?) of a specific T cell re-
between these possibilities. sponse.
Interestingly, although RAG22/2 and SCID mice were In summary, this study implies that the functional mat-
virtually devoid of g-d1 Thy1.21 DETC, these cells were uration of DC is tightly related to that of T cell develop-
not restored upon T cell reconstitution, implying a differ- ment in vivo. We are currently exploring the possible
ential influence of T lymphocytes upon distinct DC sub- mechanisms underlying the deficient APC activity as
populations in the skin. FDC networks that were absent well as the nature of the T cell molecule(s) responsible
in LN of the RAG22/2 mice were not restored upon trans- for the reconstitution of DC numbers and function in
fer of T cells either, further highlighting this selective vivo.
influence of T cells. This is in line with other reports of
FDC deficiency in B cell±deficient and SCID mice that
Experimental Procedures
suggest that B cells exert greater influence on FDC mat-
uration than T cells (Kapasi et al., 1993; Pasparakis et Animals
al., 1996). C57BL/6, BALB/C, and C3H/HeN mice were obtained from the NCI-
Frederick Cancer Research Faculty Animal Production Area (Freder-These studies also add another dimension to the
ick, MD). SCID-C3H and RAG22/2 mice were obtained from Harlanknown relationship between T lymphocytes and the skin.
(Indianapolis, IN). All mice were housed in a specific-pathogen-freeThis intricate relationship is clearly manifested as the
barrier animal facility, accredited by the American Association foraberrant skin development in athymic mice (Edelson,
Accreditation of Laboratory Animal Care (AAALAC). Animals were
1997). A variety of dermatological disorders of infec- used between 8 and 12 weeks of age, housed in filter-protected
tious, autoimmune, or allergic origin such as contact cages with a 12 hr light-dark controlled cycle, and provided with
dermatitis or psoriasis (Edelson, 1997; Rietschel, 1997; autoclaved NIH open formula mouse chow and water ad libitum.
The Institutional Animal Care and Use Committee approved all pro-Schon et al., 1997; Toussaint and Kamino, 1997) also
cedures.highlight this relationship. T cells have a clearly estab-
lished, notorious role in these clinical disorders. How-
Skin Sensitization and Isolation of DC from DLNever, neither the potential role of DC nor their interaction
A 0.5% FITC (Aldrich Chemical) solution was prepared in acetone:with T cells has been examined in this context.
dibutylphthalate (1:1) and 0.4 ml was applied to the shaved abdomenConceivably, T cells might influence DC at different
of each mouse. Eighteen hours later, the mice were sacrificed andlevels. Early in DC ontogeny, the generation of certain
their axillary, brachial, and inguinal DLN removed. Depending on
DC subsets from their precursors might be dependent the experimental design, DLN from individual mice were either kept
on T cell cytokines or T cell surface molecules in an separate or pooled from groups of 4±5 mice. A DLN cell suspension
antigen-unrelated process. TNFa, GM-CSF, and IL-4 are was then prepared and loaded onto a 14.5% Metrizamide (Nyegaard)
gradient and centrifuged at 600 3 g for 18 min at room temperature.cytokines typically required to generate DC (Banchereau
The interface was carefully collected and washed at least twice inand Steinman, 1998) and are produced by activated T
RPMI containing 10% FCS and antibiotics. Typically, a preparationcells. Likewise, the T cell factors IL-3 and CD40 ligand
contained 75%±90% DC as identified by well-established criteria
seem to be crucial for germinal center DC generation such as morphology, dendrite mobility, phenotype, and functional
(Grouard et al., 1997), and CD40 ligand induces DC dif- tests. When DC were intended for in vitro culture, functional assays,
ferentiation in human CD341 progenitors (Flores-Romo or for adoptive cell transfer, DLN removal and processing was done
in sterile conditions.et al., 1997). Alternatively, T cell cytokines such as
TRANCE might serve as survival factors for DC (Wong
et al., 1997). At a later stage, immature DC that egress Epidermal Sheet Preparation
from bone marrow and colonize the skin or other non- Mice were sacrificed, their abdomens shaved, and abdominal skin
removed. Cutaneous fat was mechanically removed and the skinlymphoid tissues may require T cells or T cell±derived
was cut into small pieces (approximately 1 cm 3 1 cm) that werecytokines to emigrate to these tissues and continue their
floated dermis side down onto a 0.5 M solution of EDTA (pH 7.4)development. This help from T cells may still be provided
for 1 hr at 378C in order to separate the epidermis from the dermis.in an antigen-independent manner. T cells may also
Epidermal sheets were then rinsed twice in sterile (0.9%) saline
provide help during the mobilization of DC from periph- solution, fixed in acetone for 25 min, and washed three times in
eral nonlymphoid tissues to the corresponding second- blocking buffer (saline solution containing 0.1% BSA and 0.5% fetal
ary lymphoid organs. This process can occur both inde- bovine serum). Unless otherwise specified, epidermal sheets from
each group of experimental mice were pooled for analysis.pendently of antigen (steady state migration) and as a
result of antigen exposure (MacPherson et al., 1995;
Steinman et al., 1995). In both cases, T cell±derived ATPase Staining of Epidermal Langerhans Cells
factors such as TNFa or putative chemokines may be Epidermal sheets prepared as described above were fixed in 2%
paraformaldehyde/0.5 M cacodylate solution. They were theninvolved. A fourth possibility is that T cells provide help
washed three times in saline and incubated at 378C for 40 min in aduring cognate DC±T cell interactions as a consequence
solution containing ATP, TrisMal, magnesium sulfate, and lead ni-of antigen entry into DLN. After the primary encounter,
trate. At the end of this incubation, epidermal sheets were washed
T cells might upregulate costimulatory molecules on and developed in ammonium sulfide for about 60 s. The sheets were
DC (Shinde et al., 1996), thus altering their phenotype, then washed three times, mounted, and the ATPase1 cells counted
function, or survival. Finally, T cells may play an impor- under a microscope with a calibrated grid. At least 20 random fields
were analyzed for each experimental condition.tant role at the final stages in the lifespan of a DC. In
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Immunostaining negative selection using T cell±specific columns (StemCell Technol-
ogies). The purity of T cells as checked by flow cytometry using CD3Epidermal sheets were incubated for at least 15 min at room temper-
ature in blocking buffer. They were then incubated with predeter- staining was typically $98%. Purified T lymphocytes were washed
twice in sterile RPMI 1640 and 1.5±2 3 107 T cells were injected i.v.mined optimal dilutions of primary antibodies overnight at 48C.
Monoclonal antibody (mAb) NLDC145 (Harlan Sera Labs) was used in 0.5 ml sterile RPMI into the tail vein of SCID or RAG22/2 mice.
C57BL/6 and C3H mice, which are congenic with the RAG22/2 andat a dilution of 1:30, anti-murine Thy1.21 dendritic epidermal T cell
(DETC) mAb (ATCC) was used at a dilution of 1:90, anti-murine MHC SCID mice, respectively, were used as T cell donors. RAG22/2 or
SCID mice reconstituted with T cells from nonsensitized mice wereclass II mAb (public specificity for Ia-p, k, r, s and b haplotypes;
Accurate Chemical) was used at 1 mg/ml. Isotype-matched antibod- used to assess the effect of T cell reconstitution upon epidermal DC
subsets. T-reconstituted RAG22/2 and SCID mice in this experimenties (Pharmingen) were used as controls for specificity. After three
washes, epidermal sheets were incubated at room temperature for were sacrificed 2±3 weeks after reconstitution to study epidermal
Langerhans cell and DETC numbers (Figures 2A±2E) and to assess30 min with biotinylated goat anti-rat mAb (Vector Laboratories)
diluted 1:300 in blocking buffer. This was followed by incubation the effect of T cell reconstitution upon the ability of resident DC to
elicit a CHS response when provided with antigen-primed T cellswith streptavidin-alkaline phosphatase (Biosource) also at a dilution
of 1:300 in blocking buffer. After three subsequent washes, color (Figure 5A). In this experiment, RAG22/2 animals reconstituted with
T cells from normal nonsensitized mice, were injected with hapten-was developed using a Fast Red Substrate system (DAKO), and the
reaction was stopped by washing the epidermis in distilled water. primed T cells 2 weeks later. They were challenged immediately
and the resulting CHS responses were measured 24 hr later (FiguresEpidermal sheets were mounted with a universal mounting solution
(Shandon) by carefully stretching the epidermal sheets onto slides. 5A and 5B).
Stained cells were counted under a microscope using 203 objective
lenses with a calibrated grid to obtain the actual number of DC per
CHS Responsesmillimeter squared. At least 10±20 random fields were counted for
Mice were sensitized with FITC on shaved abdominal skin as de-each sample. The epidermal sheets of each experimental group of
scribed above. Six days after sensitization, they were challengedmice were pooled for immunohistology. Lymph nodes were flash-
by painting 5 ml 0.5% FITC on the dorsal and ventral surfaces offrozen in OCT embedding media (Miles). Sections were cut (10 mm)
each ear. Ear thickness was measured immediately before challengeusing a cryostat, air dried, and acetone fixed. They were incubated
and 24 hr later using an engineer's micrometer (Mitutoyo). Specificwith biotinylated primary antibodies (Pharmingen) and subsequently
ear swelling was determined by subtracting the background swellingprocessed similarly to the epidermal sheets.
exhibited by mice that were challenged but not sensitized.
FACS Analysis
DLN DC from FITC-sensitized mice were first enriched by centrifuga-
CHS Responses in Adoptive Transfer Recipientstion on a metrizamide gradient as described before. Cells were
of Hapten-Bearing DC or Hapten-Primed T Cellswashed twice in blocking buffer (0.85% saline solution containing
To analyze DC function in the induction versus elicitation phases0.5% BSA, 0.1% goat serum, and 0.1% sodium azide) before incu-
of the CHS response, we used two models of adoptive cell transfer.bating for 30 min at 48C with optimal dilutions of primary antibodies
To study the induction phase, we purified DC collecting in the DLNor appropriate isotype-matched control antibodies. Primary anti-
of FITC-sensitized SCID and C3H mice, counted the number ofbodies included phycoerythrin-conjugated anti-murine B7.1 (B7.1-
FITC1 cells using a fluoresence microscope (Carl Zeiss), and trans-PE), B7.2-PE, CD11c-PE, CD14-PE, CD8a-PE, biotinylated anti-
ferred 105 FITC-bearing DC into naive syngeneic immunocompetentCD40 (all from Pharmingen), biotinylated anti-MHC class II (Accurate
recipients. The recipients were challenged 6 days later and theChemical), the DC-specific mAb NLDC145 (Harlan Sera Labs) and
resulting ear swelling indicated the ability of the transferred DC toPE or biotinylated isotype control antibodies (Pharmingen). After
induce a CHS response (Figure 4A, diagram). To assess the abilitythree washes in blocking buffer, cells were incubated with biotinyl-
of DC resident in the epidermis to elicit a CHS response, we trans-ated goat anti-rat mAb (Vector) followed by streptavidin-Cy5 (South-
ferred 3±5 3 107 antigen-sensitized T cells from normal C57BL/6ern Biotechnology) for another 30 min. Cells were then washed and
animals into naive RAG22/2 and C57BL/6 recipients (Figure 5A, dia-resuspended in 200 ml of blocking buffer for FACS analysis. Forward
gram) and challenged the recipients immediately. The response ob-and side scatter parameters were used to exclude dead cells, debris,
tained after challenge indicated the capacity of resident DC to elicitand lymphocytes to gate DC. In addition, since the animals were
a response from the transferred antigen-primed T cells. Antigen-FITC sensitized, cells were concomitantly gated on FITC to analyze
sensitized normal T cells were transferred into untreated RAG22/2the expression of these markers exclusively in the hapten-bearing
mice to assess the APC function of intact resident DC and intoDC population in the DLN. Single- and two-color FACS analysis of
RAG22/2 mice previously reconstituted (2 weeks) with normal, non-DC suspensions were performed using a Coulter Epic Profile and
sensitized T lymphocytes. The latter group was used to assess theELITE V instrument (Coulter). Results are expressed as the percent-
effect of prior T cell reconstitution upon the capacity of resident DCage of cells positive for a given marker from the total population of
to elicit a CHS response.FITC-bearing DC.
Stimulation of Naive Allogeneic T Cells In Vitro Statistical Analyses
DC purified as described above were irradiated (3000 rads) and Data were expressed as the mean 6 standard error (SE) of ear
seeded at different concentrations in 96-well round-bottomed cul- swelling or DC numbers. Statistical analyses were performed using
ture plates (Costar) in a final volume of 100 ml/well of RPMI 1640 two-tailed Student's t tests. A p value # 0.05 was considered signifi-
(GIBCO) containing 10% fetal bovine serum and antibiotics. Nylon cant. Analyses were performed using Statview SE 1 Graphics soft-
wool±purified T cells from lymph nodes of naive BALB/c mice were ware (Abacus Concepts). Unless indicated otherwise, all experi-
used as the responder population for SCID, C3H, RAG22/2, and ments were performed at least twice, each experimental group
C57BL/6 DC and plated at a concentration of 105 T cells/well. The consisted of at least five mice, and the epidermal sheets of each
cells were cultured for 5 days in a humidified incubator at 378C with group of mice were pooled for analysis.
5% CO2. Cultures were pulsed with 1 mCi of tritiated [3H]thymidine/
well 18 hr before harvesting. Results were measured as thymidine
incorporation and expressed as the mean counts per minute of Acknowledgments
triplicate wells.
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